Small-subunit (SSU) rRNA gene sequences were obtained by PCR from 12 Blastocystis isolates from humans, rats, and reptiles for which elongation factor 1␣ (EF-1␣) gene sequences are already available. These new sequences were analyzed by the Bayesian method in a broad phylogeny including, for the first time, all Blastocystis sequences available in the databases. Phylogenetic trees identified seven well-resolved groups plus several discrete lineages that could represent newly defined clades. Comparative analysis of SSU rRNA-and EF-1␣-based trees obtained by maximum-likelihood methods from a restricted sampling (13 isolates) revealed overall agreement between the two phylogenies. In spite of their morphological similarity, sequence divergence among Blastocystis isolates reflected considerable genetic diversity that could be correlated with the existence of potentially >12 different species within the genus. Based on this analysis and previous PCR-based genotype classification data, six of these major groups might consist of Blastocystis isolates from both humans and other animal hosts, confirming the low host specificity of Blastocystis. Our results also strongly suggest the existence of numerous zoonotic isolates with frequent animal-to-human and human-to-animal transmissions and of a large potential reservoir in animals for infections in humans.
Blastocystis hominis is an anaerobic enteric parasite that inhabits the human intestinal tract. Although the role of B. hominis as a human pathogen has been criticized mainly because of the impossibility of eliminating all other causes of symptoms, it is commonly considered a causative agent of intestinal disease (for reviews, see references 10, 14, 36, and 39) . Moreover, B. hominis is probably the most frequent protozoan reported in human fecal samples (45) , with a prevalence ranging between 30 and 50% in some developing countries (36) . In addition, infection with B. hominis appears to be common and more severe in immunocompromised patients (12, 30, 40) .
Microorganisms identified as Blastocystis have also been isolated from a wide range of animals, such as nonhuman primates, pigs, cattle, birds, amphibians, and, less frequently, rodents, reptiles, and insects (for reviews, see references 2 and 10), but the taxonomy within the genus Blastocystis remains controversial. Indeed, most Blastocystis isolates have remained indistinguishable from B. hominis by light and electron microscopy. However, new species have been differentiated from B. hominis in different nonhuman hosts (8, 11, 34, 41) , but until further confirmation using molecular data is available, B. hominis defines the parasite isolated from humans and Blastocystis sp. represents those isolated from other animal hosts.
Although the designations of individual species of Blastocystis have not been adequately resolved, extensive genetic diversity among both B. hominis and Blastocystis sp. isolates has been described mostly by random amplified polymorphic DNA (RAPD) (3-5, 22, 46-50) and restriction fragment length polymorphism (RFLP) analyses of PCR-amplified small-subunit (SSU) rRNA (3-5, 9, 13, 19, 20, 25, 35, 49) . By RFLP, at least 10 subspecies, or ribodemes (the term used to describe populations that share the same riboprint pattern), have been characterized (13, 25, 48) . Some of these different ribodemes were found in human hosts, which raised the possibility that more than one species of Blastocystis infects humans and suggests the existence of zoonotic strains of this parasite. Clark (13) and Yoshikawa et al. (46, 47) showed that two Blastocystis isolates, one from guinea pigs and one from chickens, exhibited RFLP profiles or RAPD patterns similar to those observed in some B.
hominis strains, suggesting animal-to-human or human-to-animal transmission. This is supported by several studies (14, 31, 32) confirming that animal and food handlers are more likely to be infected. Recently, diagnostic PCR using known sequenced-tagged site (STS)-specific primer sets was developed to distinguish and classify Blastocystis populations into seven different subtypes based on genomic similarity (47, 48, 50) . By this method, Abe et al. (3) (4) (5) suggested the existence of numerous zoonotic isolates from various animal hosts. However, molecular data obtained by RAPD-, RFLP-, and PCR-based genotype classification reflected limited sequence divergence among taxa and provided only preliminary information on genetic relatedness between human and nonhuman isolates.
Thus, molecular phylogenies were recently constructed from nearly full-length SSU rRNA (1, 7, 29, 43, 49, 50) and elongation factor 1␣ (EF-1␣) gene sequences (18) . These analyses suggested low host specificity for Blastocystis and the zoonotic potential of the parasite. However, the restricted number of Blastocystis sequences obtained or phylogenetically analyzed from human and nonhuman hosts was insufficient to determine the extent to which the parasite can be transmitted among host species and the potential reservoir for infection of humans. In addition, comparative phylogenetic studies have demonstrated that, depending on the group in question, single-gene phylogenies based on either RNA or protein can be very misleading. It was therefore critical to compare the topology of Blastocystis SSU rRNA-based analyses with those of protein-coding genes.
In this study, we obtained almost full-length SSU rRNA gene sequences of 12 Blastocystis isolates from humans, rats, and reptiles for which EF-1␣ gene sequences are available (18) . These sequences were used in a large phylogenetic analysis including 78 other Blastocystis sequences available in databases. For the first time for Blastocystis, this allowed the parallel construction of phylogenetic trees from two molecular markers with the same sample of isolates, comparing protein (EF-1␣)-and rRNA-based trees. All these data allowed us to clarify genetic diversity, species identities, and host specificities among Blastocystis isolates.
MATERIALS AND METHODS
Source of Blastocystis and DNA extraction. Axenic cultures of 12 Blastocystis isolates (Table 1) from humans, rats, and reptiles were maintained in Iscove's modified Dulbecco's medium supplemented with 10% horse serum, as previously described (17) . Genomic-DNA isolation was performed as described by Ho et al. (18) . The DNA preparations were treated with RNase A at 37°C for 30 min and kept at Ϫ20°C until they were used.
PCR amplification, cloning, and sequencing. SSU ribosomal DNA (rDNA) genes from each Blastocystis isolate were amplified using the eukaryote-specific primers A and B (without 5Ј restriction site linkers) designed by Medlin et al. (27) . PCRs were carried out according to standard conditions for Platinum Taq DNA polymerase (Invitrogen, Groningen, The Netherlands). After the denaturation step at 94°C for 5 min, 40 cycles of amplification were performed with a GeneAmp PCR System 9700 apparatus (Applied Biosystems, Courtaboeuf, France) as follows: 1 min at 94°C, 2 min at 48°C, and 3 min at 72°C. The final extension step was continued for 15 min. The products were separated by agarose gel electrophoresis, and the band of the expected size (ϳ1,800 bp) was purified using the QIAEX II Gel Extraction kit (QIAGEN, Hilden, Germany). The purified PCR products were cloned in the T vector pCR 2.1-TOPO (Invitrogen) and amplified in TOP10 competent cells. Minipreparations of plasmid DNA were done using the QIAprep Spin Miniprep kit (QIAGEN). Clones containing an insert were sequenced on both strands by primer walking using the Big Dye Terminator Cycle Sequencing kit (Applied Biosystems) and an automated PRISM 377 DNA sequencer (Applied Biosystems). (21) . Bayesian analyses of the SSU rRNA datasets were performed using the GTR (general time reversible) ϩ⌫ (gamma distribution of rates with four rate categories) ϩI (proportion of invariant sites) model of sequence evolution, with base frequencies, the proportion of invariant sites, and the shape parameter alpha of the ⌫ distribution estimated from the data. The data set of EF-1␣ amino acid sequences was analyzed as described above using the JTT amino acid replacement model (24) . In all Bayesian analyses, starting trees were random, four simultaneous Markov chains were run for 500,000 generations, burn-in values were set at 30,000 generations (based on empirical values of stabilizing likelihoods), and trees were sampled every 100 generations. Bayesian posterior probabilities were calculated using a Markov chain Monte Carlo sampling approach (15) implemented in MrBAYES version 2.01. Phylogenetic analyses were also performed for EF-1␣ and restricted SSU rRNA data sets by using TREE-PUZZLE version 5.0 (38) and 10,000 quartet puzzling steps. The JTT and HKY (16) models were used for the amino acid and SSU rRNA data sets, respectively. The proportion of invariant sites and the alpha shape parameter were estimated from the data. For the large SSU rRNA data set, analyses were carried out both including and excluding outgroups to determine if this substantially affected relationships within Blastocystis isolates.
Nucleotide sequence accession numbers. The nucleotide sequences obtained in this study have been deposited in GenBank under accession numbers AY590105 to AY590116.
RESULTS AND DISCUSSION
Phylogenetic analysis of Blastocystis SSU rRNA gene sequences. The amplification of the SSU rDNA coding regions of the 12 Blastocystis isolates from humans, rats, and reptiles analyzed in this study produced a DNA fragment of the expected size (ϳ1.8 kb in length) as determined by gel electrophoresis. This fragment was eluted and cloned into the pCR 2.1-TOPO vector, and two clones were completely sequenced for each isolate, which always proved to be identical. Each of the new SSU rRNA gene sequences showed the highest similarity (from 82.6 to 99.9%) to homologous sequences of the other Blastocystis isolates reported so far (Table 1 ). In the common part of our alignment, the lengths of all Blastocystis SSU rRNA gene sequences available in databases and obtained in this work range from 1,666 to 1,777 bp, and the GϩC contents range from 53.9 to 64.4%.
SSU rRNA gene sequences obtained in this study were added to an existing database of 77 other Blastocystis sequences (Table 1) . Tree construction was performed using the stramenopile Proteromonas lacertae, a commensal flagellate of reptiles and amphibians, as the outgroup in view of its position closely related to Blastocystis in previous phylogenetic studies (26, 28, 29, 33) . This data set included 1,563 unambiguously aligned positions, which we analyzed by the maximum-likelihood method using MrBAYES. The rooted maximum-likelihood tree (Fig. 1) identified seven clades called groups I to VII, each highly supported by Bayesian posterior probabilities (BP) of 100% plus several discrete lineages. In a subsequent analysis from which the outgroup was excluded, permitting the inclusion of more characters (1,606 positions), no significant deviation from this topology was noted (data not shown). We VOL. 43, 2005 GENETIC DIVERSITY AMONG BLASTOCYSTIS ISOLATES also noted that there was only limited or moderate support for the relative branching order within most of the groups. The major groups identified in our analysis were in agreement with those defined in recent SSU rRNA-based studies that included a more restricted sample of Blastocystis isolates (1, 7) . For this reason, we have conserved the same numbering of the groups used by these authors in order to facilitate the comparison of both SSU rRNA-based trees. In addition, as stated by Abe (1), Arisue et al. (7), and Yoshikawa et al. (49, 50) , there is a correlation between these phylogenetically different groups and the subtypes identified by PCR-based genotype classification. Indeed, groups I to VII correspond to subtypes 1, 5, 3, 7, 6, 4, and 2, respectively, as indicated in Fig. 1 .
Group I (subtype 1) mostly unites Blastocystis isolates from pigs, cattle, monkeys, and humans. In a subsequent phylogenetic analysis restricted to 986 positions, we observed that the partial SSU rDNA sequence of a horse isolate was also included in this group (data not shown). We also note that group I is closely related to group II (subtype 5), which includes only primate and human isolates. In addition, the higher-order clade of groups I, II, and V (subtype 6, which is composed of pig and cattle isolates) cluster together with strong BP (99%).
Within this large group I-II-V, we also describe the emergence of a discrete lineage composed only of a single pig isolate (accession number AF538348) that could be the only known representative of a new clade. Interestingly, the large group I-II-V is mostly restricted to mammalian isolates (humans, monkeys, bovids, equids, and pigs) with rodents excluded. However, it also includes the isolate CK86-1 from chickens, which was already identified as a zoonotic strain (12, 45, 46) . This isolate occupies a position distant from the other bird isolates analyzed in this study and included in groups VI and VII. Indeed, groups VI (subtype 4) and VII (subtype 2) strongly unite some isolates from humans and most of the isolates from birds, with the exception of isolates CK86-1 from chickens (group I) and BJ99-319 from pheasants. We also note that distinct isolates from both Japanese quails and chickens are represented in each of these two different groups. Moreover, as previously stated by Yoshikawa et al. (50) , the isolates HJ00-4 and HJ00-5 from humans are clustered in an additional monophyletic clade at the base of group VI. However, both isolates HJ00-4 and HJ00-5 composing this new lineage were negative with all STS primers used in PCR-based genotype classification, suggesting that the isolates HJ00-4 and HJ00-5 do not belong to subtype 4 and could represent a new genotype (50) . This hypothesis could be also tested with STS primers for two isolates from chickens (accession numbers AY135409 and AY135410) that could form another new clade.
Additional clades are represented by groups III (subtype 3) and IV (subtype 7). The two groups cluster together with a moderate BP of 79%. Group IV is mostly composed of isolates from rodents but also includes three human isolates, whereas group III unites four isolates from humans and three isolates from cattle and pigs. The isolates MJ99-132 and BJ99-319, from monkeys and pheasants, respectively, are clustered in an additional monophyletic clade, which is strongly united with group IV (BP value, 100%). Although both isolates MJ99-132 and BJ99-319 exhibit the same subtype 7 as isolates composing group IV (1), this clade could represent a new well-defined phylogenetic group.
At the base of the higher-order clade III-IV, we note the emergence of two additional discrete lineages, composed of the three isolates from reptiles, that could represent new phylogenetic groups. These isolates form a polyphyletic group. Indeed, Blastocystis cycluri, isolated from lizards, clusters together with isolates of groups III and IV with high support (BP value, 99%), whereas Blastocystis lapemi and Blastocystis pythoni, isolated from snakes, exhibit a derived position and group together with BP of 100%. This dichotomy observed between Blastocystis isolates from reptiles could naturally reflect the evolutionary divergence between their respective hosts.
Comparative phylogeny of Blastocystis isolates inferred from EF-1␣ and SSU rRNA gene sequences. Comparison of SSU rRNA gene sequences confirms that Blastocystis organisms are genetically highly divergent in spite of their morphological identity and defines a large number of potential phylogenetic groups among Blastocystis isolates. However, congruence between independent data sets is the strongest argument in favor of a given topology, so the SSU rRNA tree of Blastocystis isolates needs to be compared with phylogenies based on other molecules. To this end, we obtained SSU rRNA gene sequences from 12 Blastocystis isolates for which a major part of the coding region of the EF-1␣ gene had already been sequenced (18) . SSU rRNA and EF-1␣ sequences were also available for the human isolate HE87-1 and were added to our database. This allowed us to compare SSU rRNA-and EF-1␣-based trees with the same sampling of 13 Blastocystis isolates.
As shown in Fig. 1 and 2 , 10 of the 13 isolates studied in this comparative analysis represented three groups (I, IV, and VII), whereas the three other isolates from reptiles composed two newly described clades. For EF-1␣ and restricted SSU rRNA data sets, phylogenetic analyses were performed using 289 amino acid and 1,644 nucleotide aligned positions, respectively, and unrooted maximum-likelihood trees were constructed using both MrBAYES and TREE-PUZZLE. Identity matrices calculated from both alignments revealed that sequence similarity among all pairs ranged from 83.0 to 99.9% and 88.5 to 100% for the SSU rRNA and EF-1␣ data sets, respectively (data not shown), and indicated that EF-1␣ sequences are more highly conserved than SSU rRNA sequences among Blastocystis isolates.
The topologies of SSU rRNA-( Fig. 2A) and EF-1␣-based (Fig. 2B) trees are identical for the taxa selected. We recovered with high support the well-defined groups I, IV, and VII described above with the larger SSU rRNA data set and confirmed the large genetic diversity between groups I and VII, both of which include human isolates. Among these clades, better resolution is observed within group VII in the SSU rRNA-than in the EF-1␣-based tree. This is in agreement with the percentage sequence identity calculated for each marker. Both trees also emphasize the polyphyly of isolates from reptiles, which emerge as two independent lineages. In the SSU rRNA-based tree, B. cycluri clusters with rodent isolates with low support values, whereas the same grouping is strongly supported (100% by both reconstruction methods) in the EF-1␣-based tree. Overall, phylogenetic trees of Blastocystis isolates based on SSU rRNA and EF-1␣ sequences are well supported and entirely congruent with each other. Thus, our data suggest that EF-1␣ should be a valuable complement to SSU rRNA to elucidate phylogenetic relationships among Blastocystis isolates.
Identification of species and zoonotic potential of Blastocystis organisms. New species designations in the Blastocystis genus were proposed for isolates from different nonhuman hosts (8, 11, 34, 41) on the basis of questionable criteria, such as differences in the hosts of origin, growth characteristics, and electrophoretic karyotypes. However, it is clear that these differences alone are not sufficient for the proposal of new species (23, 36, 39, 44) . On the other hand, the genetic diversity observed in this work, as in previous molecular studies (1, 7, 29, 43, 49, 50) , among Blastocystis isolates strongly suggests that the genus consists of several species.
Indeed, the evolutionary distances observed among the different groups defined in our phylogenetic analysis are comparable to or greater than those observed among other stramenopile species (data not shown [obtained from an alignment including 1,458 unambiguous positions]). In addition, it is likely that each of the three reptile isolates analyzed here could represent a new species, as could one isolate from chickens (accession numbers AY135409 and AY135410) and one isolate from pigs (accession number AF538348). In contrast, it seems unlikely from our data that the newly described lineage composed of the isolates MJ99-132 and BJ99-319, from monkeys and pheasants, respectively, could be elevated to the species rank. Moreover, both isolates have been shown to exhibit subtype 7 and have been included in group IV (1). In addition, although the human isolates HJ00-4 and HJ00-5 could represent a new genotype (50) , the evolutionary distances calculated between the closely related sequences of the two isolates and those composing group VI are too short to consider isolates HJ00-4 and HJ00-5 representatives of a new Blastocystis species. Overall, the genus Blastocystis could include at least 12 different species, reflective of the great genetic diversity observed among isolates. However, such taxonomic statements should be regarded cautiously until further confirmation is obtained, since an accelerated evolutionary rate for Blastocystis SSU rRNA genes cannot yet be ruled out. Additional studies involving more isolates and other conserved genes, such as that for EF-1␣, should help to clarify taxonomic relationships among these organisms.
As demonstrated in our study, groups I to VII are not host specific, and most of them comprise isolates from humans and other animals, suggesting that Blastocystis may be cross-infective among various animal hosts. Indeed, as previously stated by Arisue et al. (7) based on a restricted sample of isolates, the relationships among hosts are not in agreement with the genuine phylogeny of the animals in any part of our Blastocystis tree, and this could be explained by the existence of numerous zoonotic isolates. Thus, our study raises questions about the transmission of Blastocystis. The fecal-oral route is considered to be the main mode of transmission, but food-borne and waterborne transmission of Blastocystis via untreated water or poor sanitary conditions have also been suggested (reviewed in references 10, 36, and 39), although not confirmed experimentally. Human-to-human transmission of B. hominis infection between two small communities has been proposed (48), and experimental cross-transmission has been achieved in rodents with Blastocystis isolated from humans (for reviews, see references 10 and 36). Moreover, people working closely with animals in zoos and abattoirs and food handlers (14, 31, 32) are at higher risk of acquiring Blastocystis infection. In addition, transmission of Blastocystis organisms could also be frequent between animals, especially in confined areas, such as zoological gardens and circuses, where fecal contamination of grass and fodder is common (37, 42) . Thus, in light of our data and those from the literature, it is reasonable to speculate that contamination by Blastocystis organisms can occur via animalto-animal, human-to-animal, and animal-to-human routes. However, given the large number of potential zoonotic isolates found in our study, it remains difficult to identify the host origins and transmission routes of some isolates.
As stated above, groups VI (genotype 4) and VII (genotype 2) included only bird and human isolates. In a recent study, Yoshikawa et al. (50) studied the prevalence of each Blastocystis genotype in five different countries. These values are indicated in Fig. 1 and were based on a total of 99 human isolates. These authors showed that genotypes 4 and 2 represented 17.6% of the human isolates tested. Therefore, these results suggest that human isolates of both groups are zoonotic and could represent examples of animal-to-human transmission. In addition, since the same Blastocystis species is able to infect several bird species, animal-to-animal transmission could also be proposed. Group I (genotype 1) is composed only of mammalian isolates (pig, cattle, monkey, and human), with VOL. 43, 2005 GENETIC DIVERSITY AMONG BLASTOCYSTIS ISOLATES 353 the exception of the chicken isolate CK86-1. The prevalence of human isolates in this group is 12.7%. According to the diversity of hosts found in this group, it is likely composed mostly of zoonotic isolates. Although the host origins of the Blastocystis species representative of this group remain extremely difficult to define, they are probably mammalian. Therefore, transmissions both among bovines, pigs, monkeys, and humans and from mammals to birds for the chicken isolate CK86-1 could be suggested. Group IV (genotype 7) is composed mostly of rodent isolates. Thus, the same Blastocystis species (probably Blastocystis ratti) could colonize both rats and guinea pigs. Moreover, few human isolates have been shown to possess the same genotype 7 (3.9%). Therefore, this grouping of rodent and human isolates could reflect animal-to-human transmission. Finally, in accordance with its prevalence among human isolates (62.8%), group III (genotype 3) could represent a specific genotype of human origin. Isolates from pigs and cattle sharing genotype 3 are likely to reflect contamination by humans. These preliminary hypotheses concerning the zoonotic potential of these organisms could be reinforced by the analysis of additional isolates from different hosts.
In conclusion, our data confirm that extensive genetic diversity exists among Blastocystis isolates from humans and other animals and suggest that more than one species could infect humans. Moreover, our findings emphasize the low host specificity of this organism and indicate that numerous human Blastocystis infections may be of zoonotic origin. Thus, the number and range of animals found to be infected by Blastocystis may represent a huge potential reservoir for infection of humans.
